Background: Quantitative magnetic resonance imaging (MRI) techniques, such as T2 and T2 star (T2*) mapping, have been used to evaluate ligamentous tissue in vitro and to identify significant changes in structural integrity of a healing ligament. These studies lay the foundation for a clinical study that uses quantitative mapping to evaluate ligaments in vivo, particularly the posterior cruciate ligament (PCL). To establish quantitative mapping as a clinical tool for identifying and evaluating chronic or acute PCL injuries, T2 and T2* values first must be determined for an asymptomatic population.
Although conventional magnetic resonance imaging (MRI) is an accurate qualitative tool for detecting acute posterior cruciate ligament (PCL) injuries, it is less reliable in the diagnosis of chronic injuries; the ligament may appear to be healed when it is in fact functionally deficient, 26, 31 and PCL stress radiographs are often necessary to determine the functional integrity of the PCL. 13 Tewes et al 31 reported that a number of PCLs presenting with chronic injury showed low intensity on conventional MRI. Furthermore, the functional status of the chronically injured PCLdeficient knees could not be determined using these conventional MRIs. 31 Servant et al 26 evaluated chronically injured PCLs in 10 knees with 7 experienced musculoskeletal radiologists reading the scans and determined an accuracy of diagnosing the PCL injury of 57% using conventional MRI. The authors postulate that healing in continuity may occur and produce an intact yet ''lax'' ligament in chronic PCL cases, lending diagnosis via conventional MRI difficult. Furthermore, in a study by Orakzai et al 23 evaluating whether chronic PCL injuries heal in a lengthened state, they were able to identify, retrospectively, a cohort of 6 patients who were diagnosed unequivocally with a chronic PCL injury through physical examination but who had normal MRI readings. Although the primary purpose of the study was not to identify sensitivity of MRI in diagnosing a chronic PCL injury, it does highlight the current difficulties when relying on conventional MRI. 23 However, with the advent of higher magnetic field strengths (ie, 3.0 T and investigational/early clinical use 7.0-T magnets) and new imaging protocols, MRI can now be used as a quantitative tool to measure tissue quality. 8, [18] [19] [20] [21] This is done using biochemically sensitive imaging sequences to evaluate such parameters as water content, fibral alignment, and tissue density. 21 Quantifiable results of the structural integrity and health of the PCL are needed to add to and support visual interpretation during clinical diagnosis and are especially needed in the case of a chronic injury. 14, 17 One such noninvasive quantitative MRI technique, T2 mapping, has demonstrated sensitivity to water content and the integrity of the proteoglycan collagen matrix of articular cartilage 8, 18 and has seen widespread use because it is readily available on most scanning platforms. T2 star (T2*) mapping, another technique, describes the transverse relaxation of an imaged tissue and has demonstrated similar sensitivity to water content and matrix organization. T2* values may be more sensitive in evaluating tissues such as ligaments and tendons with very rapid MRI signal decay and short time constant properties compared with the longer time constants typically evaluated with T2 mapping. Mamisch et al 19 demonstrated that both T2 and T2* values reflect similar changes in osteoarthritic articular cartilage and seem to be well correlated. Biercevicz et al 2 recently demonstrated the capabilities of volume and grayscale values from high-resolution T2*-weighted MRI scans to predict the structural properties of the healing anterior cruciate ligament (ACL) or reconstruction graft in a porcine model. This study may be a critical step in the development of a noninvasive method to predict the structural properties of the healing ACL repair or graft. Interestingly, this technique may prove valuable as a surrogate outcome measure in preclinical animal and clinical studies.
1,2 Biercevicz et al 3 continued this work to analyze the T2* values of the intact PCL in harvested ovine knees after ACL transection surgery; however, the purpose of their study was to compare 2 mapping methodologies, and they did not report numerical results. In addition, quantitative MRI using T2 mapping has been used to measure structural variation and water content within a rabbit Achilles tendon under various loads. 12, 32 These studies have laid the foundation for a clinical study that uses quantitative mapping to evaluate the structural integrity of ligamentous tissue in vivo.
Texture analysis methods such as gray-level co-occurrence matrix (GLCM) can be used to extract information about the local spatial arrangement of the T2 or T2* signal. Specific GLCM features, such as entropy, contrast, variance, and homogeneity, use the spatial relationships of similar gray tones to characterize the underlying structure of a given tissue and may provide a more comprehensive understanding of the ligament structure than solely mean T2 or T2* values. 11, 15, 28, 29 The purpose of this study was to measure the MRI biomarker T2 and T2* values, and their texture properties (entropy, variance, contrast, and homogeneity), of the PCL in a rigorously prescreened asymptomatic PCL cohort using clinically relevant subregions for analysis. It was hypothesized that the biomarker values would be consistent throughout the ligament, as measured across 3 clinically relevant subregions (proximal, middle, and distal thirds) in the asymptomatic cohort. T2 and T2* mapping values, including texture variables, are yet to be established in the PCL in vivo.
METHODS

Subjects
This study was approved by the institutional review board of the Vail Valley Medical Center, and informed consent was obtained from all individual participants included in the study. Thirty asymptomatic volunteers were prospectively enrolled in this study (mean age, 39.8 ± 12.7 years; 16 females and 14 males). Subjects were deemed asymptomatic through an objective clinical examination, subjective score, and morphologic MR evaluation, together with a thorough physical examination of the knee by a fellowship-trained sports orthopaedic surgeon. The examination included an evaluation of limb alignment and range of motion, identification of any areas of pain or tenderness, and the following specific tests: Lachman test, drawer tests (anterior, anterolateral, posterior, and posterolateral), pivot and reverse pivot shift tests, and evaluation of medial and lateral joint opening. Exclusion criteria included symptoms (eg, pain, stiffness, and swelling exceeding mild levels) in the knee and/or hip of the imaged side, prior injury or surgery in the knee and/or hip of the imaged side, history of inflammatory arthritis or infection within the joint of interest, negative test results during the physical examination, and evidence of PCL pathology from a conventional morphological MRI examination read by a fellowship-trained musculoskeletal radiologist.
Image Acquisition
Unilateral knee images were acquired on a 3.0-T MRI system (Magnetom Verio; Siemens Healthcare). The asymptomatic knee for each volunteer was imaged using a 15-channel multielement phased-array knee coil (Quality Electrodynamics). Volunteers were positioned in the supine position with the knee of interest extended and firmly fixed and the joint space centered in the coil. The time delay between lying down for the MR session and the beginning of the first sequence was limited to less than 5 minutes in all volunteers.
A standard clinical MRI examination protocol with T2 mapping and T2* mapping sequences was used. The scanning protocol consisted of (1) a fat-suppressed proton density turbo-spin echo scan in the coronal plane, (2) a proton density turbo-spin echo scan in the coronal plane, (3) a fatsuppressed proton density turbo-spin echo scan in the sagittal plane, (4) a T2-weighted turbo-spin echo scan in the axial plane, (5) 
Image Analysis
Segmentations of the PCL were derived manually using image analysis software (Mimics; Materialise) by 2 orthopaedic surgeons and 1 musculoskeletal radiologist at 2 different time points separated by 1 month to assess intraand interrater reliability. The PCL segments were exported as a binary image series, and custom software was used to isolate the T2 and T2* values in those regions (MATLAB; Mathworks). To divide the PCL accurately and reproducibly into 3 subregions, 3-dimensional (3D) PCL volumes were created from the binary image series using custom software (MILXView; CSIRO), in which a marching cube surface of the PCL surface was extracted and smoothened using a windowed sinc function with passband of 0.1. 30 A 3D centerline that followed the length of the ligament was extracted and used to divide the PCL into proximal, middle, and distal thirds (Figure 1 ). Summary statistics (median and quartiles, mean ± standard deviation) and texture variables (entropy, variance, contrast, and homogeneity) for T2 and T2* values, in each third of the ligament, were compiled for further analysis. Texture variables were measured on a slice-by-slice basis by creating a GLCM for each subregion. 11 For each texture variable, the GLCM values were calculated at orientations of 0 , 45 , 90 , and 135 with an offset of 1 pixel, 11,28 and the orientation values were then averaged.
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Statistical Analysis
The primary goal of this study was to determine normative T2 and T2* values and texture variables for the PCL among asymptomatic subjects. Thorough summary statistics including the mean with its 95% confidence interval, minimum, and maximum were presented. To address the hypothesis that values would be consistent across the different subregions, repeated-measures (subregion) linear mixed-effects models were constructed using the MIXED procedure in SPSS. To reflect the possibility that subregions might correlate with one another in a heterogeneous manner, an unstructured covariance matrix was assumed. Pairwise comparisons among the 3 subregions were made with the Bonferroni method. Model assumptions and possible outliers were assessed using residual analysis.
Intra-and interrater reliability of median T2 values were assessed with the 2-way random effects, singlemeasures, intraclass correlation coefficient (ICC). All other analyses used data from the first segmentation round of the musculoskeletal radiologist. ICC values were interpreted as follows: ICC < 0.40, poor agreement; 0.40 < ICC < 0.75, fair to good agreement; ICC > 0.75, excellent agreement. 10 Bonferroni-adjusted P values for subregion comparisons less than .05 were deemed significant, and all analyses were performed using SPSS Statistics, version 20 (IBM Corp).
RESULTS
Of the 30 asymptomatic subjects enrolled in the study, 4 subjects were excluded because of prominent pulsation artifact issues from the popliteal artery that obscured the PCL in their MR images, and 1 subject was excluded for having a clinically silent chronic partial tear in the ligament that was identified on their clinical MRI during analysis. This left 25 subjects whose data were used in the final analysis, Figure 1 . Posterior cruciate ligament (PCL) volumes were created from the binary image series for each subject. For each volume, (A) a 3-dimensional centerline that followed the length of the ligament was extracted, and (B) the centerline was divided to create proximal, middle, and distal thirds of the PCL.
The (Figure 2 ). Pairwise comparisons within the mixed-effects models found that the distal PCL exhibited significantly higher mean, standard deviation, variance, and contrast of T2 values compared with both the middle and proximal subregions (each P < .05) (Figure 3) . Additionally, the distal PCL had significantly greater median T2 values than the middle subregion (P < .001). Meanwhile, homogeneity was significantly lower in the distal PCL compared with middle (P < .001) and proximal PCL (P ¼ .013), and entropy was significantly lower in the distal PCL than the middle PCL (P < .001). Furthermore, the middle subregion had significantly greater entropy and contrast than the proximal subregion (each P < .02). Residual analysis showed that all repeated-measures models fit the T2 data appropriately.
Nearly all summary and texture variables for T2* exhibited a substantial positive skew. Thus, these variables are summarized in Table 2 with medians, quartiles, and extreme values. Residual analysis for the repeatedmeasures models of T2* values indicated a poor fit in all cases, and variable transformation did not mitigate the problem. As a consequence, we do not report statistical inference for subregion comparisons of T2* values.
Intra-and interrater reliability was good to excellent (ICC, 0.7-0.9) 10 for T2 and T2* values in all subregions, except for the interrater reliability for T2 values in the proximal subregion, which was fair to good (ICC, 0.597; 95% CI, 0.376-0.778).
DISCUSSION
The most important finding of the study was providing a baseline of quantitative T2 biomarker values and texture parameters for an asymptomatic PCL population, serving as a basis for comparison with acute and chronic PCL injuries in the future. Using this methodology, we may be able to detect earlier changes in ligamentous tissue and/or aid in the diagnosis of ligament injury.
Significant differences in T2 mapping values and texture parameters were also observed between clinically relevant subregions of the asymptomatic PCL, suggesting that there are natural variations in the tissue properties of the PCL in an asymptomatic population. Textural parameters are used to characterize the spatial variation of intensity obtained in images. In this study, we report the parameters (entropy, variance, contrast, homogeneity) obtained from T2/T2* mapping of asymptomatic PCLs. Each parameter provides a measure of different textural information based on the work by Haralick et al. 11 Entropy provides a measure of heterogeneity (or randomness) in the region being considered, with high values representing tissue with a diverse range of T2/T2* samples. Variance provides a measure of the variation of intensity around the mean and is especially useful for identifying changes within mostly homogenous regions. Contrast provides a measure between regions, with a high value often representing regions with 2 or more tissue types that have more similar T2/T2* samples. Homogeneity provides a measure of the uniformity in the T2/T2* map, with a high value in regions with mostly very similar T2/T2* values. The application of these parameters in characterizing the T2/T2* signal of the PCL has not been previously reported; however, in other clinical applications, measures such as entropy have been found to increase with disease process (eg, lesions in breast tissue, 22 cartilage T2 changes in osteoarthritis, [4] [5] [6] and intervertebral disc herniation 20 ). It has also been suggested in the literature that greater T2 values, as well as greater variance, contrast, entropy, and heterogeneity, are indicative of more ''complex'' tissue, which could be related to degenerative changes. 22 In the PCL, we found greater T2 values and greater variance, contrast, and heterogeneity in the distal region of the ligament (see Figure 3) , indicating an area with more complexity to the tissue. Future work using histology for comparison is needed to clarify these changes identified in the distal subregion of the PCL and to determine the clinical significance of the textural results in relation to the PCL.
Much like T2 mapping, T2* mapping is sensitive to the interactions between water molecules and macromolecular concentration and the structure of the extracellular matrix. However, T2* analysis has been suggested to be more appropriate for imaging fast relaxing tissues with short time constant values and highly organized collagenous structures, 7, 16, 34 where T2 value evaluation may not be as sensitive. Biercevicz et al 2 reported that T2* significantly predicted maximum load, yield load, and linear stiffness of the healing ACL in porcine specimens. We suspect that several features of the T2* scale found in our data have contributed to the failure to fit our chosen models: (1) effect of magic angle, (2) substantial positive skew and/or possible outliers, (3) a possible floor effect within the T2* scale, and (4) potential effects of the variable sex and age of our asymptomatic population.
While T2* has been suggested to be more applicable for the shorter time constant values found in tendons and ligaments, use in the PCL may be influenced by the magic angle effect. This effect introduces artifactual signal for short echo time images such as T2* images (but less effect on long echo time images such as T2 images 27 ) when ordered collagen structures are at an angle of 55 to the orientation of the main magnetic field of the MRI scanner. Magic angle effect may be difficult to avoid in the PCL because of the substantial curvature. Significant differences in T2* values have been reported with magic angle for the collateral ligaments of the equine distal interphalangeal joint 33 and for the Achilles tendon. 9 Du et al 9 found that mean T2* values increased from 1.94 ms when orientated at 0 relative to the main magnetic field to 15.25 ms when orientated at 55
. Due to the curve of the PCL, the magic angle effect may be present and influence the results. The lowest echo time (TE) acquired for the T2* scan was 3.25 ms. Novel sequences such as zero echo time (ZTE) and ultrashort echo time (UTE) MRI may help to mitigate this issue by acquiring the lowest TE down to 0 ms and should be evaluated in future studies. Furthermore, future work to analyze the existence of skew in the T2* mapping results could help clarify the clinical utility of this biomarker for analyzing ligament tissue.
Some limitations of this study need to be identified. One limitation was the disparity in sex and age within our asymptomatic population, in particular having an increased number of younger males and older females. It is currently unknown whether there is an age or sex effect on asymptomatic ligament properties, particularly in terms of quantitative biomarkers. An age-related decrease in the diameter of collagen fibrils and increase in collagen fibril concentration has been identified in the human PCL 25 ; however, further study is needed to determine whether these changes would affect ligament integrity. Additionally, it should be noted that imaging of the PCL for longitudinal evaluations with follow-up scans should be done, with special attention paid to the patient positioning during MR image acquisition. Varying degrees of extension experienced at the knee joint when supine in the MRI scanner may have a direct effect on the curve of the PCL. Any potential discrepancies created by patient positioning and its effect on the subregion analysis were minimized by the use of a 3D centerline during postprocessing of the PCL imaging data. A clinically applicable T2* sequence was utilized in this study to evaluate the short T2 species of the PCL. To maintain resolution and coverage, the lowest TE possible was 3.25 ms. In future work, even shorter time constant value techniques, such as UTE T2* or pointwise encoding time reduction with radial acquisition (PETRA) T2*, could be used to evaluate ligament tissue for comparison.
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CONCLUSION
The results of this study provide a baseline of quantitative T2 and T2* biomarker values and texture parameters for a rigorously screened asymptomatic PCL population. High ICC values were found for intra-and interrater reliability. Significantly greater T2 values were found in the distal PCL subregion relative to the proximal and middle regions. These results can serve as a basis for comparison with acute and chronic PCL injuries in future studies utilizing the presented methodology. T2 mapping produced more consistent results than T2* mapping, which exhibited a substantial positive skew, and future work is recommended to determine the feasibility of T2* mapping of ligament tissue.
